Abstract In this study, micro-hollow cathode discharge (MHCD) is investigated by a fluid model with drift-diffusion approximation. The MHC device is a cathode/dielectric/anode sandwich structure with one hole of a diameter D=200 µm. The gas is a Ne/Xe mixture at a pressure p=50∼500 Torr. The evolutions of the discharge show that there are two different discharge modes. At larger pD the discharge plasma and high density excited species expand along the cathode surface and, a ringed discharge mode is formed. At smaller pD, the discharge plasma and the excited species expand along the axis of the cathode aperture to form a columnar discharge.
Introduction
Micro-hollow cathode discharge (MHCD) is a promising method of gas discharge to produce a stable, non-equilibrium plasma in a small volume at high pressure. Because of the high density active species and intensive radiation produced by it, MHCD can be used in a wide variety of fields, such as light source, photonic devices, biomaterial processing, material etching and thin film deposition [1] . In the last two decades MHCD has received much attention. A number of geometric configurations, such as cylindrical cavities, and micro-tubes with the anode at the orifice, and microslots, have been investigated experimentally by many research groups [2∼4] .
Due to the submillimeter dimensions, it is difficult to diagnose the discharge processes and the characteristics in MHCD by experiments. However, by modeling and simulation detailed characteristics in MHCD can be obtained. KUSHNER investigated the discharge of pyramidal structures by fluid model, and considerd that the discharge resembles both Townsend and hollowcathode discharges [5] . BOEUF et al. calculated the current-voltage (I ∼ V ) curve of MHCD and concluded that the discharge in MHCD transits from an abnormal discharge inside the hollow cathode to a normal glow discharge [6] . More work of numerical simulation also discussed the characteristics of MHCD, such as the effect of heating on gas [7] , the sustain discharge with a micro-hollow cathode [8] , self-pulsing phenomena [9] , the discharge of a limited cathode area [10] , and the electric field reversal in MHC [11] .
There are two kinds of discharge images in MHCD, one is a bright column at the center region of the cathode (corresponding to Fig. 3 in Ref. [2] ), the other is a bright ring near the surface of the cathode (corresponding to Fig. 3 in Ref. [1] . Although a columnar discharge and a ringed discharge have been presented in Refs. [9, 10] respectively, the formations of columnar and ringed discharges in MHCD have not been discussed in detail. In this paper, we use a twodimensional fluid model to investigate discharges in MHC, and the formations of these two discharge modes are also analyzed based on the distributions of charged and exited species.
2 Description of the model
Structure of MHCD
The device used in the simulation is a typical sandwich-type MHCD, which was firstly studied experimentally by SCHOENBACH et al. in 1996 [4] . Many experiments and modeling works are based on this simple structure. Generally, a sandwich MHCD has two metal electrodes separated by a dielectric layer, such as Al 2 O 3 or mica. A hole is drilled through the above three layers, as shown in Fig. 1(a) . An axis-symmetric coordinate system is used to describe the cylindrical discharge space. Half of the cross section of sandwich MHCD is shown in Fig. 1(b) . The thickness of the dielectric layer (z 2 ) is 200 µm, and the relative permittivity of the dielectric layer r is 8. The cathode with thickness z 1 =100 µm is set at the left side of the di-electric layer. The anode is at the right side and the thickness z 3 is also 100 µm. The radius of the cathode hole d is set to 100 µm, and the radius of the simulated domain r is 300 µm. The left boundary of the simulated domain is z 0 apart from the cathode. The second anode is used to lead out electrons from the hole, and is used as the right boundary. The length (z a ) from the left to the right boundary is 1500 µm. The discharge gas is a Ne/Xe mixture. 
Fluid model
The fluid model is widely used in modeling gas discharge phenomena, and has been proved to be effective in obtaining the discharge characteristics at pd (pressure dimension product) in several to tens Torr·cm [6∼12] . Our work uses a fluid model with driftdiffusion approximation which includes the continuity equation of charged species, the energy balance equation of electrons, and Poisson's equation as follows:
where n i , Γ i are the density and the flux density of species i respectively. S i is the source term of species i caused by generation and recombination. µ i is the mobility of species i, D i the diffusion coefficient, q i the charge of the particles. e is the elementary charge. E is the electric field. is the permittivity of dielectric. ν m and ν j are the frequency of elastic collision and nonelastic collision respectively. ε j is threshold energy of electron non-elastic collision.ε is the mean energy of electrons, andε
here k B is the Boltzmann constant and T e is the electron temperature.
The charged particles investigated in this work include electrons, Xe + , Xe . The distributions of excited species, such as Xe m , Xe r and Ne * , are also investigated. In order to simplify the calculation, only the generation and loss (collision, radiation) of excited species are considered. The density of excited species n exc can be described as follows:
where S exc is the source term of excited species. The mobilities of charged species µ i as a function of reduced field E/p is taken from Ref. [13] . The diffusion coefficient D i can be calculated from the Einstein relation:
where T i is the temperature of charged particles. The electron temperature T e can be calculated from Eq. (3) and Eq. (6). Ion temperature T ion is set to be the gas temperature. Reaction processes considered in our model include direct ionization and excitation, step ionization, recombination of electrons and ions, molecular ion formation, and spontaneous radiation of excited atoms. The reactions are listed in Table 1 .
Boundary conditions
The flux density Γ i of the ions on the electrodes and dielectric layer is set to be
wheren is the normal unit vector directing towards the surface of materials from the discharge space. v i,th is the mean thermal velocity of species i:
coefficient a is set to 1 if the electric field is toward the surface; otherwise a will be zero. Secondary electrons emitted form the electrodes or the dielectric by ions bombarding should be added to the electron flux density Γ e : Γ e ·n = n e 1 4 v e,th + a sgn(q e )µ e E·n
where γ ion is the secondary electron emission coefficient of ions. The coefficients γ ion used in our work are listed in Table 2 . Considering the charged particles accumulated on the dielectric, the surface charge should be added to the right side of Eq. (5). The surface charge density σ can be obtained by integrating the currents of charged species (q i Γ i ) towards the dielectric layer:
Symmetric boundary condition is set on the axis, also on the left and top boundaries. So the flux density of charged particles Γ i at those boundaries can be written as:
where n is the normal unit vector outward the boundary. For Poisson's equation (Eq. (5)), the potential V on the electrodes is set to be a constant value during the calculation. At the axis, left and top boundaries, the perpendicular component of the electric field E is set to be 0 for the symmetric boundary condition:
The governing equations of Eqs. (1), (3) and (5) are discretized by the finite volume method [16] . The Shcafetter−Gummel scheme is used in the discretization of the flux Eqs. (2) and (4) [17] . The electric field in Poisson's equation is treated with a semi-implicit scheme [12, 18] . Poisson's equation, the continuity equations and the energy balance equation of electrons are solved alternately by a strongly implicit procedure (SIP) method [16] .
Results and discussion
Firstly, we simulate the discharge processes at p = 500 Torr, i.e., the pD product is 10 Torr · cm. The voltage on the anode V anode is 0 V, and the voltage on the second anode V anode2 is 10 V. Fig. 2 shows the discharge currents at the voltage on the cathode V cathode = −240 V and −300 V respectively. With V cathode = −300 V, the delay time of the discharge current is about 0.88 µs. After that, the current increases to 4.4 mA rapidly within 0.1 µs. Then the current reaches the peak of 7.7 mA at 1.6 µs. The slope of the current from 4.4 mA to 7.7 mA is remarkably less than that from 0.1 mA to 4.4 mA. Finally the current is held at 7.5 mA, and the discharge becomes stable. With V cathode = −240 V, the stable current is 3.7 mA, and the tendency during the rising edge of the current is similar to that of V cathode = −300 V. Fig. 3 shows the evolution of the electron density distribution at V cathode = −300 V. From Fig. 3(a) , one can see that the peak of the electron density is located at the center of the anode hole. The density of the electron peak is about 10 10 cm −3 . Then the plasma passes through the dielectric hole along the axis (Fig. 3(b) ), and the maximum electron density is over 10 13 cm −3 . Once electrons arriving at the cathode orifice, the discharge begins to contract towards the cathode inner surface, as shown in Fig. 3(c) . Two peaks of the electron density appear in the discharge channel. One density peak is still held around the axis, and the peak value is about 2.0 × 10 15 cm −3 . The other is near the inner surface of the micro-hollow cathode, and the maximum electron density is about 1.9 × 10 14 cm −3 . Comparing the evolution of the electron density (Fig. 3 ) with the discharge current (Fig. 2) , one can find that during the first rising stage of the discharge current, the plasma is mainly in the aperture of the cathode. As the discharge continues, the peak of the electron density near the cathode surface becomes over 10 15 cm −3 , whereas the peak at the axis decreases to ∼ 10 14 cm −3 , as shown in Fig. 3(d) . Then the electrons expand along the outer surface of the cathode (Fig. 3(e) ). Although the electron density near the cathode surface is increased, the slope of the discharge current decreases at this stage (Fig. 2) . Finally, a stable electron density distribution is formed. The maximum electron density in Fig. 3(e) is similar to the result of KOTHNUR [7] and DUFOUR [10] , which is about 10 14 ∼ 10 15 cm −3 . From Fig. 3(e) , we also find that the distance of the sheath from the cathode surface is about ∼40 µm which can be compared with LAZZARONI's experimental and modeling results at p > 200 Torr [19] . Fig. 4 shows the spatial-temporal distributions of the electron density during the discharge at p = 50 Torr, i.e., pD = 1.0 Torr · cm. The voltage on the cathode V cathode = −450 V. The discharge current is about 0.8 mA. At the initial stage of the discharge, the electron density distribution is similar to that of p = 500 Torr (shown in Fig. 3 ). The peak of the electrons density is around the axis of the anode aperture, as shown in Fig. 4(a) and Fig. 4(b) . Then electrons move through the hole along the axis. After arriving at the orifice of the cathode, the plasma continues to move along the axis and passes through the whole cathode aperture (Fig. 4(c) ). The maximum electron density is about 3.1×10 14 cm −3 at t=1.636 µs. This electron density peak is held in the cathode aperture and decreases as the discharge is developing. And a new peak of the electron density is formed out of the cathode aperture. The new electron peak is also located on the axis, and its density is 4.7 × 10 13 cm −3 which is about one third of the maximum density in the cathode aperture. The distance of the sheath from the cathode surface is about 100 µm which is also in accord with LAZZARONI's results at p =50 Torr [19] . The distributions of the electron density in Fig. 3 and Fig. 4 show two different discharge processes. One indicates that the discharge is mainly restricted with in the cathode aperture. The other shows that the discharge is produced along the axis both inside and outside of the aperture. Fig. 5 shows the distributions of Xe m at different pressures when the discharge current becomes stable. At p = 500 Torr, Xe m is located near the inner and outer surface of the cathode. The peak of the Xe m density at the inner surface of the cathode is about ten times higher than the Xe m density peak near the outer surface. Compared with Fig. 3(e) , one can find that the high density of the Xe m is in the cathode fall region, and a bright ringed radiation near the inner surface of the cathode is formed. At p = 50 Torr, the high density of Xe m appears around the axis of the cathode aperture. A columnar light radiation is formed in the negative glow region. We consider that the formation of a ringed or a columnar light radiation depends on the value of pD. When pD/2 corresponds to the minimum of the firing voltage curve, the negative glow regions in the cathode aperture will be overlapped and a columnar light emission will be formed. If pD/2 is larger than the minimum of the firing voltage curve, the negative glow region will contract towards the cathode surface. And because at high pressure the excitation process takes place in the cathode fall region mainly, a ringed light radiation is formed. 
Conclusion
A fluid model with drift-diffusion approximation has been used to investigate the discharge in the metal/dielectric/metal cylindrical micro-hollow cathode. The current and the distributions of charged/excited species have been obtained. The current curve shows that there are two stages during the discharge. One is a strong discharge in the cathode aperture. The other corresponds to the discharge expanding along the outer surface of the cathode. The distributions of the excited species show that at larger pD, the density peak of the excited species is located in the cathode fall region, and a ringed discharge mode will be formed. At smaller pD, the density peak of the excited species is in the negative glow region along the axis, and a columnar discharge mode will be formed.
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